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We found that the extinction coefficient of ion-beam-sputtered titanium dioxide films first decreased with
increasing annealing temperature then increased drastically when annealing temperature was increased above
,200 –C for 24 h of annealing time. The decreasing extinction coefficient with annealing temperature was
attributed to a reduction in absorption owing to oxidation of the film by annealing. The film structure
remained amorphous to 200 –C annealing temperature. The drastic increase of extinction coefficients above
,200 –C was associated with the appearance of an anatase polycrystalline structure and was attributed to
scattering by the polycrystalline structure. With shorter annealing time the transition temperature from
amorphous to polycrystalline anatase was higher. Guidance for reducing the optical loss of laser mirrors is
proposed.  1998 Optical Society of America
OCIS code: 120.6780.Reduction of optical loss for high-ref lectance dielectric
mirrors is crucial to applications such as high-energy
lasers and ring laser gyroscopes. Titanium dioxide
sTiO2d f ilm is the most commonly used high-refractive-
index material in the multilayer dielectric mirror.
The optical properties of TiO2 f ilms are delicately
dependent on the fabrication process1 and other fac-
tors.2 The ion-beam-sputter method was reported1,3 to
produce dielectric mirrors with lower loss than other
deposition methods. Annealing of a dielectric mirror
after deposition is a common practice to reduce the op-
tical loss of the mirror. However, to our knowledge
there has been no report on the loss-reduction mecha-
nism of annealing, in that this process seems to be a
craft rather than a scientific practice. In this Letter
we report the results of our systematic studies of the
annealing effect on optical loss of ion-beam-sputtered
TiO2 f ilms. We also provide a deeper understanding
of the mechanism of loss modif ication by annealing.
We used a Kaufmann-type 2.5-cm ion gun (Ion Tech
Inc.) to sputter deposit TiO2 f ilms. The sputter pa-
rameters were 1-kV beam voltage and 50-mA beam
current; we used a plasma bridge neutralizer to neu-
tralize the output ion beam. The sputter target was a
10-cm-diameter Ti target of 4N purity. The baseline
vacuum level was 1.5 3 1026 torr, the Ar partial pres-
sure was 3 3 1024 torr, and reactive sputtering was
carried out in 3.7 3 1024 torr O2 partial pressure.
The films were deposited upon Balzers BN845432-T
soda lime glass substrates of 1.2-mm thickness and
2.5-cm diameter.
All samples under investigation were deposited at
room temperature with exactly the same deposition
conditions and 80-min deposition time, the films thick-
ness were ,380 nm. After deposition each sample was
annealed at a different constant temperature for 24 h.
The annealing process was carried out in a furnace
with atmosphere environment.
The transmission spectrum in the wavelength range
190–800 nm was measured for each sample after
annealing. The refractive index and the extinction co-
eff icient of the films were deduced from the transmis-
sion spectrum in the wavelength range 400–800 nm
by use of Swanepoel’s method.4 Within this range0146-9592/98/181417-03$15.00/0the extinction coefficient of the film is small, such
that Swanepoel’s method is valid. Glazing-angle x-ray
diffraction measurements were taken for each sample
to determine the structure of the films before and after
annealing. Atomic force microscopy (AFM) was used
to investigate the surface morphology and to determine
the rms surface roughness of the samples.
The transmission spectrum measurements were
carried out with a Hitachi U-3410 spectrophotometer.
The precision of the transmission measurement was
,0.1% in transmittance after sufficient warming
up of the instrument. The standard deviation as
determined from the transmission spectrum with
Swanepoel’s method was found to be less than 0.01 for
the refractive index snd and less than 0.0001 for the
extinction coefficient skd.
Table 1 shows n and k at wavelengths of 632.8, 550,
and 450 nm for films after they were annealed at vari-
ous temperatures for 24 h. Table 1 shows that n re-
mains unchanged below 200 –C and decreases slightly
above 200 –C, whereas k decreases with increasing tem-
perature to 200 –C, then increases drastically with tem-
perature above 200 –C. The intrinsic absorption edge
of stoichiometric TiO2 was known to be near ,400 nm.
Therefore, within the precision of our measurement,
variation of k with annealing temperature is more pro-
found at short than at long wavelengths.
We found from x-ray diffraction that films that were
subjected to annealing at temperatures below 200 –C
for 24 h, as well as the as-deposited film, were all
amorphous in structure. TiO2 anatase peaks started
to appear for films subjected to annealing above 200 –C
for 24 h. The x-ray diffraction peak intensity in-
creased with the annealing temperature and satu-
rated at ,275 –C. At this temperature crystallization
of anatase phase was complete. The relative inten-
sity of the TiO2 anatase (101) diffraction peak, which
is the strongest diffraction peak, is shown in Table 1
for each sample. From these data we conclude that
the room-temperature ion-beam-sputtered TiO2 f ilm is
amorphous and that there is a phase transition from
amorphous to polycrystalline anatase at 200 –C for 24-h
annealing; the transition is complete at ,275 –C for
24-h annealing. It is clear from Table 1 that the onset 1998 Optical Society of America
1418 OPTICS LETTERS / Vol. 23, No. 18 / September 15, 1998Table 1. Refractive Index (n) and Extinction Coefficient (k) at Wavelengths of 632.8, 550.0, and 450.0 nm for
an Annealing Time of 24 h
Annealing 632.8 nm 550.0 nm 450.0 nm IyI0 a lc b rms Surface
Temp. (–C) n k n k n k (%) (nm) Roughness (nm)
Before annealing 2.50 0.0001 2.54 0.0003 2.66 0.0013 0 327.6 0.12
150 2.50 ,1024 2.54 0.0002 2.66 0.0012 0 325.0 0.15
200 2.50 ,1024 2.54 0.0001 2.66 0.0010 0 322.4 0.14
225 2.49 0.0001 2.53 0.0002 2.65 0.0011 20 319.2 0.84
250 2.48 0.0004 2.52 0.0007 2.64 0.0023 65 316.5 1.34
275 2.48 0.0007 2.52 0.0012 2.64 0.0040 100 313.8 1.72
300 2.48 0.0015 2.52 0.0025 2.64 0.0052 100 313.5 3.26
350 2.48 0.0018 2.52 0.0027 2.64 0.0062 100 313.5 3.30
aRelative x-ray intensity for the TiO2 anatase (101) diffraction peak.
bCutoff wavelength.of a drastic increase in k is associated with the phase
transition from amorphous to polycrystalline anatase.
Figure 1 shows an AFM picture of the film an-
nealed at 300 – C. 256 3 256 points were taken in
the 1 mm 3 1 mm scanned area for this picture. The
roughened polycrystalline surface is clearly shown.
AFM pictures of the samples with amorphous struc-
ture with the same resolution as that of Fig. 1 showed
a structureless and smooth surface. The rms surface
roughnesses obtained from high-resolution AFM scan-
ning for all samples are listed in Table 1. The pre-
cision of the rms roughness measurements from AFM
was found to be 0.04 nm. It is clear that the drastic in-
crease in k was not only associated with the appearance
of polycrystalline anatase phase, as was suggested by
x-ray diffraction, but also was associated with the dras-
tic increase in surface roughness of the polycrystalline
structure.
We found from the AFM picture of the 350 –C an-
nealed sample, besides the polycrystalline structure,
that profound wrinkles in scales larger than that of
Fig. 1 also showed up as a result of high-temperature
annealing. The wrinkles enhanced the roughness of
the surface. Therefore, increasing k is associated
not only with the surface roughness of the polycrys-
talline structure but also with wrinkling of the film at
high annealing temperature, whereas x-ray diffraction
peaks indicate only the appearance of polycrystalline
but not the wrinkles.
Figure 2 shows the transmission spectra at short
wavelengths for the samples. For clarity only spectra
for samples annealed at three representative tempera-
tures are shown. The transmittance edge shifts to
a shorter wavelength with increasing annealing tem-
perature, indicating lower optical extinction for
samples annealed at higher temperature. The inset of
Fig. 2 shows the spectra close to zero transmittance.
The wavelength at which the transmittance is zero is
defined as the cutoff frequency slcd. lc for all samples
are listed in Table 1.
It is known5,6 that the total integrated scatter of a
rough surface is, in general, proportional to s2yl2,
where s is the rms surface roughness. The high-
temperature annealed samples with high surface
roughness are supposed to have higher scattering
loss at short wavelengths than that of the low-
temperature annealed samples, but the trend ofhigher transmittance (i.e., lower optical extinction)
for high-temperature annealed samples at short
wavelengths as shown in Fig. 2 indicates that optical
Fig. 1. AFM surface scan for the sample annealed at
300 –C.
Fig. 2. Transmission spectra in the short-wavelength re-
gion for the as-deposited sample and the samples annealed
at 200 and 300 –C.
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annealing temperature.
extinction in the short-wavelength region is absorption
dominant rather than scatter dominant. Therefore lc
can be considered as a qualitative indicator of the
degree of absorption. A lower lc corresponds to lower
absorption. lc in Table 1 shows that the absorption
loss is reduced with increasing annealing tempera-
ture then remains constant above ,275 –C annealing
temperature.
We assert that as-deposited TiO2 f ilms are oxy-
gen deficient such that in the energy bandgap of the
stoichiometric TiO2 there are oxygen-deficient elec-
tronic energy states in the energy bandgap near the
band edge. Therefore the optical transmittance edge
of the as-deposited TiO2 shifts to a longer wavelength
than that of the stoichiometric TiO2. The effect of
annealing is to enhance the oxidation such that the
oxygen-deficient energy states are eliminated and the
transmittance edge shifts back toward a shorter wave-
length, as indicated in Fig. 2.
Extinction coefficient k can be divided into two
parts, absorption coefficient aa and an equivalent
distributive scattering coefficient, as:
k ­ aa 1 as . (1)
In the long-wavelength region, near 632.8 nm in par-
ticular, within which the absorption and scattering
coefficients are small and hard to measure but are cru-
cial to many applications, the relationships among k,
aa, as, and annealing temperature can be qualitatively
deduced from previous discussions on data in Table 1
and are illustrated schematically in Fig. 3: Because
of oxidation, aa decreases with increasing annealing
temperature and then becomes saturated. as is small
compared with aa and remains at a constant low
annealing temperature owing to the amorphous struc-
ture of the film. k is dominated by aa at low annealing
temperature. as increases drastically near the phase-
transition temperature at which the structure changesfrom amorphous to polycrystalline TiO2 anatase phase
and dominates k above the transition temperature.
We also found that for a shorter annealing time
(3 h) the onset of the phase-transition temperature was
shifted to ,250 –C, and the transition was completed at
,275 –C. The phase-transition temperature is higher
and the temperature range for the phase transition
to proceed to the full extent is smaller for a shorter
annealing time.
We have made quarter-wave multilayer stacks of
TiO2ySiO2 mirrors. The variation of the total loss,
i.e., absorption loss plus scattering loss, of the multi-
layer stacks with annealing temperature followed the
trend of the k curve in Fig. 3. SiO2 f ilm is much less
absorptive than TiO2 and does not crystallize in our
annealing temperature range, which implies that the
annealing characteristics of single-layer TiO2 f ilm per-
sist in the multilayer stack. Therefore Fig. 3 serves
as a general guide for reducing the total loss of a laser
mirror by annealing: First, it is possible to reduce the
total loss of an ion-beam-sputtered laser mirror that
contains TiO2 as the high index layer by use of thermal
annealing. But there are optimum annealing tem-
perature and time that one has to choose carefully to
avoid an increase of scattering loss owing to crystalliza-
tion when the absorption loss is reduced by annealing.
Second, one can manipulate the deposition and anneal-
ing conditions to change the magnitudes of aa and as to
reduce the total loss. For example, deposition or an-
nealing in a higher-oxygen-content environment will
shift the aa curve to the left, and the total loss of the
mirror that has been annealed under the optimized
condition will be dominated by scattering loss, which
is related to the roughness of the amorphous structure
and hence to the surface roughness of the substrate.
Deposition at high temperature will shift the as curve
to the left, which is not desirable. It is also possible
to mix TiO2 f ilm with additives to increase the crys-
tallization temperature such that the as curve shifts
to the right, and the mirror could sustain a higher
annealing temperature to reduce aa further without
crystallization. We also believe that, in general, the
annealing characteristics of TiO2 f ilms will be appli-
cable to other oxide materials such as tantalum ox-
ide film for which the as-deposited film structure is
amorphous.
The authors are grateful to Liang-Chu Wang and
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